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TWIK1 is a K
+ channel that produces unusually low levels of current. Replacement of lysine 274 by a glutamic acid (K274E) is associated with stronger currents. This mutation would prevent conjugation of a SUMO peptide to K274, a mechanism proposed to be responsible for channel silencing. However, we found no biochemical evidence of TWIK1 sumoylation and we showed that the conservative change K274R did not increase current suggesting that K274E modifies TWIK1 gating through a charge effect. Now we rule out an eventual effect of K274E on TWIK1 trafficking and we provide convincing evidence that TWIK1 silencing results from its rapid retrieval from the cell surface. TWIK1 is internalized via a dynamin-dependent mechanism and addressed to the recycling endosomal compartment. Mutation of a diisoleucine repeat located in its cytoplasmic C-ter (I293,294A) stabilizes TWIK1 at the plasma membrane resulting in robust currents. The effects of I293,294A on channel trafficking and of K274E on channel activity are cumulative, promoting even more currents. Activation of serotoninergic receptor 5-HT 1 R or adrenoceptor α2A-AR stimulates TWIK1 but has no effect on TWIK1I293,294A suggesting that Gi-protein activation is a physiological signal for increasing the number of active channels at the plasma membrane.
TWIK1 (KCNK1, K2P1) has been cloned from human kidney (1) . It has four membranespanning segments (M1 to M4) and two poreforming loops (P1 and P2) and forms covalent homodimers (2) . Following the characterization of TWIK1, related two-P-domain K + (K 2P ) channels were isolated from Drosophila, C. elegans a n d mammals (3) (4) (5) (6) (7) . Fifteen related genes are present in the human genome. K 2P channels produce background K + currents modulated by a large variety of physical (temperature, membrane stretch) and chemical (pH, polyunsaturated fatty acids (PUFA), phospholipids, hormones and neurotransmitters) stimuli. Gene inactivation has revealed the implication of different K 2P channels in a variety of physiological and pathophysiological functions including cell volume regulation (8) , bicarbonate transport and proximal renal tubular acidosis (9) , cerebellar excitability and altered motor performance (10) , adrenal gland development and primary aldosteronism (11) , PUFA-mediated neuroprotection (12) , sensitivity to volatile anaesthetics (12) , perception of pain (13) and mood control (14) .
Among K 2P channels, TWIK1 displays a couple of unique features. Like its closest homolog TWIK2 (KCNK6, K2P6) (15) , it produces currents with a rapidly inactivating component. Because of this inactivation, their steady-state current voltage relationships are much more similar to that of the weak inwardly rectifying ROMK1 current (1) than those of TASK K 2P currents that follow the Goldman Hodgkin Katz equation (16) . Another unique feature of TWIK1 is its low level of functional expression. In Xenopus oocytes, only modest currents are induced despite the high amount of injected cRNA. In transfected mammalian cells, TWIK1 does not produce measurable currents. How to explain this failure of TWIK1 to produce currents? A first hypothesis is that TWIK1 channels are expressed at the cell surface but silenced. A silencing mechanism recently proposed is the conjugation of a small ubiquitin modifier (SUMO) peptide to lysine 274 (K274). In Xenopus oocytes, substitution of lysine 274 by a glutamic acid residue that cannot be used for sumoylation gives rise to robust current expression (17) . This work has first gained considerable interest not only because it identified a novel mechanism of ion channel regulation, but also for its general implication in cell biology (18) . However when we analyzed ourselves the problem, we failed to observe any biochemical evidence supporting TWIK1 sumoylation in oocytes, in mammalian cells or even in vitro. Furthermore, we did not observe any current increase by changing lysine 274 to arginine, a substitution that should have also prevented sumoylation and silencing of the channel. We concluded that the increase of current associated with K274E, and that is absent in K274R, could probably be attributed to a charge effect modifying the TWIK1 gating, and that SUMO conjugation at lysine 274 does not underlay TWIK1 silencing (19) .
Here, we further explore an alternative hypothesis for TWIK1 silencing: TWIK1 is a functional channel but is not preferentially expressed at the plasma membrane. We had previously shown that TWIK1 is mainly present in the subapical recycling endosomal compartment in native proximal tubule cells in the kidney and in cultured polarized cells (20) . In a variety of non-polarized cells, TWIK1 was detected almost exclusively in the corresponding pericentriolar recycling compartment (20) . In this paper, we provide new data on the mechanisms that control this surface expression/retrieval of TWIK1. We show that TWIK1 contains a di-isoleucine-based motif required for its rapid endocytosis. We also provide evidence for a Gi-dependent stabilization of TWIK1 at the cell surface.
Experimental procedures
Antibodies and reagents -Rabbit anti-TWIK1 polyclonal antibodies have already been described (2) . Goat anti-TWIK1 polyclonal antibody (clone V-20) was from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse anti-HA monoclonal antibody (clone HA.7) and chemicals including clonidine and 5-hydroxy tryptamine (5-HT) were purchased from Sigma Aldrich (St Louis, MO). Molecular biology -HA-tag was added in-frame at the 5' of human TWIK1 sequence by PCR. The amplification product was inserted into the EcoR1/BamH1 sites of pCI-iresCD8 (21) . Deletions were performed by PCR using oligonucleotides introducing a stop codon followed by a BamH1 restriction site. Point mutations and chimeras were obtained by PCR using standard procedures. Cell culture and electrophysiology -Protocols for COS and MDCK cells culture, transient transfection and development of stable cell lines were described earlier (20) . Xenopus oocytes preparation and injection, oocyte and cell electrophysiological recordings were performed as described previously (19) . Electron microscopy and immunochemistry -Cells were fixed with 4 % formaldehyde in 0.1 M phosphate buffer, rinsed in the same buffer and embedded in gelatin (22) , before partial dehydration with ethanol and final embedding in LR White resin (23). Immunocytochemistry was performed as previously described (22) , by using affinity-purified polyclonal antibodies directed against TWIK1 diluted 1:200. Quantification of colloidal gold density along the boundary of cells was carried out as described (24). F-actin was labeled with phalloidin coupled to Alexa647 (Invitrogen). Immunocytochemistry on MDCK cells was performed as described previously (19) . Biochemistry -For cell surface quantification experiments, cells were plated in 12-well dishes and transfected with pCI-CD8 empty or containing sequences encoding either WT or I293,294A mutant of TASK3-HA/TWIK1 chimera. Forty-eight hours post transfection, cells were incubated in complete growth medium containing anti-HA antibody (1:200 dilution). After 2h, cells were washed and channel/antibody complexes detected using secondary goat anti-mouse antibodies coupled with horseradish peroxidase and ECL substrate (Thermo). Luminescence was quantified by using a Luminoskan Ascent from Thermo.
RESULTS
Mutation K274E has no effect on TWIK1 trafficking. We have previously shown that in transfected mammalian cells TWIK1 produced currents only when fused to the HcRed protein (20) . We used this strategy to produce functional TWIK1K274E channels and to show the stimulatory effect of the K274E substitution (19) . However, we did not check the effect of this mutation on TWIK1 trafficking. Intracellular distributions of TWIK1 and TWIK1K274E were evaluated in stably transfected Mabin Darby canine kidney (MDCK) cells by fluorescence and electron microscopy ( Fig. 1) . MDCK cells are epithelial cells from nephric tubule origin that form confluent monolayers of polarized cells on porous membranes. As previously reported, in non-polarized cells TWIK1 was detected in the same intracellular compartment than Vamp8, a marker of the pericentriolar and vesiculotubular compartment corresponding to recycling endosomes (Fig. 1A) . This endosomal compartment is located distal to early endosomes and is not related to the late endosomal/lysosomal degradation pathway. No significant surface staining of TWIK1 could be observed. In kidney proximal tubule cells, TWIK1 is localized to subapical recycling compartment, a compartment corresponding to the pericentriolar recycling compartment in non-polarized cells. Electron microscopy from polarized MDCK cells shows that TWIK1 is mainly present underneath the apical brush border with only a few immunogold particles found at a position corresponding to the plasma membrane (Fig. 1B) . Mutation K274E has no effect on TWIK1 distribution in non-polarized or polarized MDCK cells. TWIK1K274E was detected in the same Vamp8-positive compartment than TWIK1 (Fig. 1A) . In polarized cells, quantification by electron microscopy confirms that the density of TWIK1K274E detected at the plasma membrane is not significantly different from that of TWIK1 (Fig.  1B) . A comparison of the channels present at the surface was obtained by counting the number of gold particles along the ciliated apical plasma membrane. For cells expressing TWIK1, the value is 36 particles along 76.7 µm of membrane, i.e. 2.13 particles/µm, and it is 38 along 81.4 µm (2.14 particles/µm) for TWIK1K 2 7 4 E . This result demonstrates that mutation K274E has no effect on TWIK1 trafficking and gives more support to the hypothesis that K274E modifies channel activity by modifying TWIK1 gating.
Identification of an unconventional dileucinebased motif involved in TWIK1 silencing. To identify a signal sequence involved in TWIK1 silencing, we designed a screening method based on a combination of mutagenesis, electrophysiology and fluorescence microscopy. TWIK1 mutants were transiently expressed in COS-7, a fibroblast cell line well suited for electrophysiology. Whole-cell currents were measured by voltage-clamp at 0mV ( Fig. 2A, right panel) . In parallel, TWIK1 mutants were transiently expressed and immunolabelled in MDCK cells that are more suitable than COS-7 for subcellular localization of membrane proteins (Fig.  2B ). We progressively deleted the cytoplasmic C-ter of TWIK1 ( Fig. 2A, left panel) . Deletion of the last 37 residues (Δ299-336) had no effect on intracellular retention (Fig. 2B ). Recorded currents were not significantly different of those currents expressed by control COS-7 cells ( Fig. 2A) . Removing 6 additional residues (Δ293-336) produced a truncated mutant producing more current and immunostaining compatible with expression at the plasma membrane ( Fig. 2A and B) . A more truncated channel (Δ289-336) lost this current activity and was detected in endoplasmic reticulum suggesting protein misfolding (not shown). These results show that the sequence extending from residues 293 to 299 is important for functional expression of TWIK1 at the plasma membrane. Interestingly, this segment contains two adjacent isoleucines, I293 and I294. Such a doublet is reminiscent of the repeat present in so-called dileucine signals of internalization. These motifs facilitate endocytosis by forming a link between membrane proteins and the vesicular budding machinery through interaction with adaptor proteins and recruitment of the clathrin coat protein (25). In TWIK1, substitution of these isoleucines by alanines is associated with channel relocalization to the plasma membrane and production of currents similar to those produced by mutant Δ293-336. Substitution of a single isoleucine has milder effect ( Fig. 2A) . In mouse TWIK1, one of the two isoleucines is not conserved. I294 is replaced by a methionine. However, the silencing signal is conserved: mouse TWIK1I293A,M294A produces more current than mouse TWIK1 ( Fig. 2A) . Conversely, substitution of isoleucine 294 by methionine in human TWIK1 did not alleviate silencing. These results demonstrate that these residues at position 294 are functionally equivalent and that the motif involved in TWIK1 silencing is functionally conserved in mouse and human.
Dileucine-based motifs involved in endocytosis usually contain acidic residues at positions -4 or +3 of the leucine repeat. By affecting the spatial location of the dileucine repeat, these negatively charged residues are important for trafficking. We mutated aspartates D289 and D297 alone or in combination with I293,294A. Mutation D297A is associated with a current increase but this change is not significant (Fig. 2A) .
As previously reported (19) and in agreement with the fact that mutation K274E has no effect on TWIK1 trafficking (Fig. 1) , TWIK1K274E does not produce currents in COS-7 cells. However, K274E is associated with a current increase when introduced into TWIK1I293,294A (or D289,297A-I293,294A as shown in Fig. 2A ). This indicates that these mutations that increase respectively channel activity and channel density in the plasma membrane have additive effects.
TWIK1I293,294A is mainly expressed at the plasma membrane. The importance of the diisoleucine repeat was verified and further characterized in stably transfected MDCK cells. Fig.  3A shows currents produced by TWIK1 and TWIK1I293,294A. They display a fast inactivation component as observed in Xenopus oocytes (Fig.  3B ) and thoroughly characterized for the closelyrelated channel TWIK2 (15) . The kinetics of TWIK1 inactivation are extremely fast and overlap the membrane capacitive discharge associated with the voltage pulse. This fast inactivating peak current is clearly not a stimulation artefact and constitutes a hallmark of the TWIK currents. As observed in COS-7 ( Fig. 2A) and MDCK (Fig. 3A) cells, TWIK1I293,294A produces larger currents than TWIK1 in oocytes (Fig. 3B) . Next we compared subcellular distributions of TWIK1 and TWIK1I293,294A in non polarized and polarized cells. TWIK1I293,294A is found at the cell surface. Its immunolabelling overlaps the submembraneous F-actin stained by FITC-phalloidin (Fig. 4A) . In polarized cells, we used confocal microscopy to discriminate apical and basolateral membranes (Fig.  4B) . TWIK1 was exclusively detected below the actin-rich microvilli of the brush border (Fig. 4C) . T W I K 1 I293,294A does not show this subapical localization. It has the same localization than actin in the basolateral membrane and in apical microvilli (Fig. 4D) . These results confirm that the isoleucine repeat is responsible for the absence of TWIK1 at the cell surface. They also confirm that TWIK1 is a functional channel that produces measurable currents when it reaches the plasma membrane.
The di-isoleucine-based motif can be transferred to another K 2P channel. TASK3 is a K 2P channel expressed at the plasma membrane. A chimera TASK3CtTWIK1, in which the cytoplasmic C-ter of TASK3 is replaced by the cytoplasmic C-ter of TWIK1, has the same intracellular distribution as that of TWIK1 (supplemental Fig. 1A ). It colocalizes with vamp8-GFP (not shown) demonstrating that TWIK1 sorting to recycling endosomes is conferred by its cytoplasmic C-ter. When the di-isoleucine motif is mutated, the corresponding channel TASK3CtTWIK1I293,294A now reappears to the cell surface (supplementary information, Fig. 1A ). The proportions of TASK3, TASK3CtTWIK1 and TASK3CtTWIK1I293,294A present at the plasma membrane were quantified by taking advantage of a HA-tag introduced in the extracellular M2P3 loop. Transfected cells were incubated in the presence of anti-HA antibody after fixation and permeabilization (total labeling) or on living cells kept at 4°C (cell surface labeling). HAtag/HA-antibody complexes were detected using a secondary antibody coupled to horseradish peroxidase and quantified by luminescence (supplemental Fig. 1B) . The results confirm that TASK3 and TASK3CtTWIK1I293,294A are present in similar proportions at the cell surface (respectively 41.5 ± 18.6 and 66.1 ± 12.2 %, n=3), whereas TASK3CtTWIK1 is mostly intracellular (9.8 ± 12.8 %, n=3). Together, these results show that the cytoplasmic C-ter of TWIK1 constitutes a transferable cassette that contains all the motifs required for targeting to recycling endosomal compartment. These results also show that the diisoleucine repeat prevents the stable expression of the protein at the plasma membrane.
TWIK1 is rapidly internalized through a dynamin-dependent mechanism. We next examined alternative hypotheses about TWIK1 trafficking following biosynthesis: Either TWIK1 is directly sorted and addressed to the recycling endosomes, or it reaches the plasma membrane before being endocytosed and routed to the recycling compartment. In the latter case, the di-isoleucine motif would constitute a strong signal for endocytosis. We investigated the TWIK1 dynamics at the cell surface. Transiently transfected MDCK cells expressing TWIK1 were incubated at 4°C with antibodies directed against its extracellular M1P1 loop (2) . After washing, cells were incubated for various periods of time at 37°C before fixation and labeling of the TWIK1/antibody complexes (Fig.  5A) . A diffuse staining at the cell surface was observed when cells were fixed directly after the 4°C incubation with the antibody (Fig. 5A , upper left panel). A 10-min incubation at 37°C induced a redistribution of the labeling into bright vesicles. Redistribution is already observed after 5 min (not shown). Progressively the staining evolved to give a punctate and perinuclear distribution at 60 min. Under the same conditions, TWIK1I293,294A gave a surface staining that was not modified by incubation at 37°C even after 60 min (Fig. 5A) . Together, these results show that TWIK1 reaches the cell surface before being rapidly internalized and addressed to the recycling endosomal compartment. They also show that the di-isoleucine-based motif controls TWIK1 endocytosis from the cell surface. Previously, we have shown that overexpression of TWIK1 was able to inhibit clathrin-dependent internalization of the transferrin receptor suggesting a link between clathrin-dependent endocytosis and TWIK1 (20) . We co-expressed TWIK1 with a dominant-negative mutant of dynamin I (dynaminK44A) that is known to block clathrinmediated endocytosis (26, 27) . Fig. 5B shows that expression of dynaminK44A, but not dynamin, induces a partial redistribution of TWIK1 to the cell surface. This relocation is correlated with a higher density of current (Fig. 5C ). The effect of dynaminK44A is always more drastic in MDCK cells transiently expressing TWIK1, as compared with MDCK cells stably expressing TWIK1 (not shown). This suggests that dynaminK44A affects neosynthesized channels present at the plasma membrane and promotes their accumulation in this location.
Activation of Gi-coupled receptors increases TWIK1 currents. Data presented above indicate that TWIK1 silencing is related to its intracellular sequestration in recycling endosomes. In a recent article, Deng and colleagues (28) reported on the inhibitory action of serotonin in neurons of the entorhinal cortex and linked this inhibition to the activation of a TWIK1 current. They also showed that in HEK cells, TWIK1 was stimulated by activation of the serotonin receptor 5-HT 1 R. We observed a similar effect. Upon application of serotonin, a current appears in TWIK1-expressing HEK cells (17.9 ± 4.3 pA/pF at +40mV after 10 min of 5-HT application (50 µM) versus 7.9 ± 1.3 pA/pF before application, n = 15) that is not present in control cells (3.5 ± 0.6 pA/pF after 5-HT application versus 2.8 ± 0.5 pA/pF before application, n = 15, Fig. 6A and 6B) . This current displays a rapidlyinactivating component (not shown), as observed in MDCK cells and Xenopus oocytes (Fig. 3) . As expected, TWIK1I293,294A produces much more current than TWIK1 but there is no significant effect of serotonin application (44 ± 3.6 pA/pF at +40mV after 10 min of 5-HT application versus 42.1 ± 4.6 pA/pF before application, n = 5).
Binding of 5-HT to 5-HT 1 R activates Giprotein that inhibits adenylate cyclase resulting in a decrease in cAMP levels and cAMP-dependent protein kinase (PKA) activity. TREK1 K 2P channels are inhibited by PKA-dependent phosphorylation of a serine residue located in their cytoplasmic C-ter (21, 29) . Activation of Gi-coupled receptors results in an increase of TREK1 currents related to a dephosphorylation of the same residue (30) . As expected, activation of 5-HT 1 R results in an increase of TREK1 currents in HEK cell (92.8 ± 8 pA/pF at +40mV after 10 min of 5-HT application versus 50.3 ± 9.8 pA/pF before application, n = 8, Fig. 6C and  6D ). This effect is rapid. After less than one min (Fig. 6C) , the effect is maximal. For TWIK1, the effect is much slower (Fig. 6A ) and more than 7 min are necessary to reach a plateau (not shown) suggesting that unlike TREK1, TWIK1 is not regulated by dephosphorylation of channels already present in the plasma membrane. The slow kinetics of activation of TWIK1 and the absence of effect on TWIK1I293,294A strongly suggest that 5-HT 1 R activation acts on the trafficking of TWIK1 and results in more channels at the plasma membrane. We have observed the same effect in MDCK cells by activating endogenous Gi-coupled adrenergic receptor α 2A-AR (31): application of α 2 -A R agonist clonidine promotes current expression in TWIK1-expressing cells: 20.75 ± 1.4 pA/pF at +40mV after 10 min of clonidine application (10 µM) versus 4.3 ± 0.4 pA/pF before application that is not present in control cells (3.7 ± 2 pA/pF after 10 min versus 1.9 ± 0.4 pA/pF before application).
DISCUSSION
Low or absent functional expression of TWIK1 in heterologous expression systems has led to contradictory reports. Here, we provide key insights on this unusual behaviour. TWIK1 is a functional channel but is constitutively and rapidly internalized from the cell surface before being stored in recycling endosomes. At any time, a modest pool of neosynthesized channels are present at the cell surface en route to the recycling endosomes. Given the high level of expression in Xenopus oocytes, the fraction of channels present in the plasma membrane could be sufficient to generate a small but detectable current. In mammalian cells, expression level may be lower, or constitutive endocytosis more effective, resulting in no measurable currents. Here, we also show that stimulation of Gi-coupled receptors 5-HT 1 R and α2A-AR leads to an increase of TWIK1 current. This effect does not seem to be related to a regulation of channels already present at the cell surface because TWIK1I293,294A is not stimulated.
We have previously established that TWIK1 is expressed in the pericentriolar endosomal recycling compartment of non-polarized cells and in the corresponding subapical recycling compartment of polarized epithelial cells. We have also shown that TWIK1 interacts with a complex of proteins comprising the nucleotide exchange factor EFA6 and the small G-protein ARF6 (20) , a protein actively involved in the recycling of membrane proteins and plasma membrane (32) . These results suggested that the absence of TWIK1 at the plasma membrane was a major factor for the lack of TWIK1 currents upon heterologous expression. As an additional support for this hypothesis, we have shown that a fusion protein comprising HcRed fluorescent protein fused to the N-ter of TWIK1 is able to reach the plasma membrane producing macroscopic currents in MDCK and COS-7 cells. We have proposed that the steric hindrance and/or the masking of retrieval signals resulting from the fused peptide was able to relieve intracellular retention of TWIK1 or to slow-down its retrieval from the plasma membrane. Now, we have identified a retrieval motif consisting of a diisoleucine repeat located in the cytoplasmic C-ter of TWIK1. When this motif is mutated, the resulting TWIK1I293,294A channel redistributes at the cell surface and produces macroscopic currents ( Fig. 2  and 4 ). In the mouse TWIK1 protein, isoleucine 294 is replaced by a methionine. However, methionine 294 plays the same role as isoleucine, both residues being interchangeable without affecting surface retrieval ( Fig. 2A) . Dileucine-based motifs are classical signal for endocytosis (25). They can accommodate an isoleucine instead of the second leucine. Their consensus sequence is [D/E]xxxL[L/I]. They form a link between membrane proteins and the vesicular budding machinery through interaction with adaptor proteins and recruitment of the clathrin coat protein (33, 34) . Sometimes both leucine residues are replaced by isoleucines. For example, K + channel Kir2.3 contains a di-isoleucine motif that is required for internalization (35) . However, the two isoleucines cannot be replaced by leucines without losing Kir2.3 endocytosis. In TWIK1, both isoleucines can be replaced by leucines without affecting endocytosis (not shown) indicating that diisoleucine-based motifs in TWIK1 and Kir2.3 are both unconventional but different.
In polarized MDCK cells, replacement of isoleucines by alanines abolishes the subapical distribution of TWIK1: the channel redistributes in apical and basolateral membranes (Fig. 4D) . These data indicate that after synthesis, TWIK1 reaches the plasma membrane in a non-polarized manner, before being internalized and specifically addressed to the subapical recycling compartment. What could be the signal responsible for this localization? Our study shows that this signal is located between residues 269 and 299 and can be transferred to TASK3 by exchanging its C-ter by the TWIK1 C-ter (supplementary Fig. 1 ). So far, the detailed study of this sorting signal has been impeded by the fact that many mutations in this region lead to retention of the mutants in the endoplasmic reticulum (not shown). Also, given that mutation of the diisoleucine motif blocks TWIK1 in the plasma membrane, we could not establish whether this unconventional dileucine motif necessary for endocytosis has also a role in the subsequent sorting of TWIK1 and its final localization in the recycling endosomal compartment.
Many channels and receptors transit through recycling endosomes where they accumulate to various extents. For instance, pacemaker channel HCN4 (36) and aquaporin AQ2 (37) are mainly detected in this compartment. The cystic fibrosis transmembrane conductance regulator CFTR also recycles at the cell surface from recycling endosomes (38, 39) . Such a recycling has also been reported for AMPA receptors (40) , KCNQI/KCNQ2 (41) and TRPV5, V6 channels (42) . All these membrane proteins that internalize but are not addressed to late endosomes and lysosomes for degradation, recycle to the plasma membrane in a controlled manner (43, 44) . For example, HCN4 density at the cell surface is increased following stimulation by insulin in a mechanism involving phospholipase D (36) . KCNQ1/KCNE1 exocytosis is enhanced by the serum-and glucocorticoidinducible kinase 1 and required ion and activation of phosphoinositide 3-phosphate 5-kinase and generation of PI(3,5)P2 (41) . AQ2 increase at the cell surface following vasopressin binding to its Gscoupled receptor PKA activation (45) . Here we show that stimulation of a Gi-coupled serotonin receptor could provide a physiological signal for TWIK1 increase at the cell surface. The effect is much slower than that for TREK1, which is regulated by dephosphorylation, and is not observed for TWIK1I293,294A that is already present at the cell surface. Currently, we do not know whether the increase of TWIK1 is due to a forward signal that allows its exit from a particular recycling subcompartment or to inhibition of its endocytosis leading to accumulation at the cell surface. The slow kinetics suggest that the latter hypothesis is the more likely. A similar behaviour has already been described: Vasopressin causes AQ2 to accumulate in "endocytosis-resistant" membrane domains (46) . TWIK1 and Gi-coupled receptors to hormones and neuromodulators are both expressed in many tissues. Recruitment of TWIK1 K + channels to the cell surface may constitute a general mechanism of cell excitability modulation by hormones binding to Gicoupled receptors. Changes in membrane potential resulting from this regulation may also play a role in modifying transport in the renal proximal tubule where TWIK1 is well expressed. In rat proximal tubule membrane brush border, ionic permeability is under regulation of hormones that activate or deactivate G proteins that govern adenylate cyclase activity (Gi/Gs). For example, activation of Gi by angiotensin II significantly decreases Cl -permeability relative to that of K + (47) . In future studies, it would be interesting to evaluate the contribution of cell surface TWIK1 readdressing in these variations of membrane ionic permeability. It is also interesting to note that by binding to the cytoplasmic C-ter of TWIK1, the complex made of EFA6/ARF6 GDP may mask the diisoleucine-based motif and modulate TWIK1 endocytosis. Whether the two pathways involving EFA6 and Gi and leading to an increase of TWIK1 at the cell surface act independently or in a coordinated manner remains to be established.
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